In Kenya, as in the rest of the world, biofuels are being explored by scientists, investors and policymakers as a substitute for depleting fossil fuels [1] . Biofuels offer renewable sources of energy that have the potential to reduce the GHG effect and provide energy security. Important biofuels generated from plant biomass include biodiesel and bioethanol [1] , and there are a number of plant species yielding oil, which can provide biodiesel. In this plant category, the tropical physic nut Jatropha curcas L. is being promoted for cultivation in the arid and semi-arid lands of Kenya.
It is believed that J. curcas was first introduced into Kenya from Central America by Portuguese sailors in the 16th century, but there are no records on when exactly it was introduced or where it was first planted. In recent years, subsequent introductions have been made but no reliable information about their source is available. Both seed and oil yields of J. curcas have steadily remained unpredictable, since no deliberate genetic improvement has so far been undertaken [1] . Use of genotypes with low genetic potential, lack of proper agronomic practices and the effect of the environment on the genotypes are some of the major factors contributing to low seed and oil yields [1, 2] . Elsewhere in the world, particularly in India, a tremendous amount of genetic variability in J. curcas has been reported [3] . However, in Kenya, the extent of genetic variability is yet to be determined, although it is likely that some of the accessions being grown in India may also be present in Kenya.
The genetic improvement of J. curcas, as indeed in all crops, must begin with the selection of parents followed by hybridization, in order to form segregating populations [1, 2] . Studies on genetic diversity are therefore of great importance in breeding programs, since they permit the identification of appropriate parents for making hybrids, which in turn might give rise to heterotic effects. Furthermore, analyzing genetic divergence will also provide the opportunity to generate more genetic recombinations and allow for the appearance of transgressive segregation [2, 3] .
Several multivariate techniques, such as clustering methods, ana lysis of principal components and canonical variables, have been used to predict genetic divergence. These techniques have been applied successfully even in asexually propagated crops, such as Genetic divergence in Jatropha curcas L., a potential biofuel crop in Kenya cassava [4, 5] . Cluster analysis, for instance, has been used to group plants based on their traits, so that within and between differences are prominently shown. Mahalanobis' generalized distance (D 2 ) has been widely used for the study of dissimilarity in plants [6, 7] . The canonical variables method has been used to evaluate the similarity between genotypes based on geographical dispersion on two Cartesian axes [7] . In this study, potential breeding parents of J. curcas were identified by grouping genotypes according to their dissimilarities using the Mahalanobis' D 2 statistic, and the relative contribution to genetic divergence by the response variables was determined by canonical ana lysis [7] .
Materials & methods

Field trial
The experiment was conducted on the University of Nairobi Experimental Farm (Kibwezi, Kenya). Kibwezi is mainly in the agroecological zone IV of Kenya and lies at the southeastern part of the Makueni District. It is characterized by considerable differences in precipitation within the range of 600-700 mm mean annual rainfall [8] . For the study, 49 genotypes were first sown in jiffy pots in the nursery and 14 days later transplanted into the field in a lattice design of 7 × 7 (genotypes) of two replications. The experimental unit consisted of nine plants with rows spaced at 1 m, and plants within rows spaced at 1 m apart. A mixture of organic manure and di-ammonium fertilizer was applied during planting at the rate of 3 g of fertilizer in 1 kg of manure in each hill. The plots were continuously weeded 14 days after transplanting. No pesticides were applied during crop growth as no serious disease or insect pests were observed. Two guard rows were planted around each plot and data was collected from the central two rows. The field plots were harvested twice, namely 7 months and 14 months after sowing. The plants were not pruned during plant growth. Agronomic traits and yield components data were recorded from 14 to 24 months after germination. The origin and passport data of the 49 J. curcas genotypes investigated here are shown in Table 1 .
Agronomic traits
The agronomic characters were measured as follows:
Plant height at maturity: measured as the height of plant, from the base to the tip of the main stem, and recorded in centimeters;
Girth diameter of plant on the main stem: measured 10 cm from the base and recorded in centimeters;
Number of branches per plant: scored as the number of branches arising from the main stem, recorded in five randomly selected plants of each genotype, expressed in number;
Leaf type: calculated as leaf mean area in centimeters squared by measuring the length from the base to the tip and multiplying by the width of the leaf;
Days to 50% flowering for each genotype: recorded as the number of days taken from the day of sowing to the day on which 50% of the plants showed flowering;
The number of male flowers per plant: as the number of male flowers on each flower bunch on five randomly selected branches per plant, and the number of female flowers per plant on each flower bunch on five randomly selected branches per plant. A ratio was calculated from these two parameters;
Number of fruits per plant: the total number of fruits on the plant; Seed yield/plant: weight of cleaned seeds from each selected plant. The seed was weighed and the mean was expressed in g/kg as seed yield per plant; 100-seed weight: the weight of 100 well-developed grains collected from the bulk of five selected plants, expressed in grams;
Seed moisture: moisture determined by use of moisture meter, expressed in percentage;
Oil yield per plant: oil from coated seeds, extracted according to the soxhlet method described by the Association of Official Analytical Chemists, expressed in percentage [8] .
Genetic diversity analysis
Multivariate ana lysis used Mahalanobis D 2 statistics to assess the genetic divergence between genotypes [6] . The intra-and inter-cluster distances were calculated by a previously established formula [7, 9] . Based on the genetic distance, all the genotypes were grouped into different clusters using Tocher's method [10] . In addition to the clustering and estimating the mean intergroup distances, the relative contribution of each character to genetic divergence was established using the ana lysis of
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Results
Accessions & agronomic traits
The accessions were collected from diverse locations with a wide range of altitude, temperature, rainfall and soil type, as shown in Table 1 . The data show that the collections were growing at altitudes as low as 15 m to as high as 1850 m above sea level, where temperatures ranged from 21 to 33.5°C, rainfall ranged between 310 and 1500 mm, and undersoils were as diverse as alluvial sandy, limestone to ferratic types. Table 2 shows the mean and range of the traits, while Table 3 exhibits the relationships between seed yield, oil content and also gives the genotypic coefficient of variation (GCV), broad-sense heritability and genetic advance (GA) of the 49 genotypes. Plant height varied between 64.5 and 285.5 cm, with an overall mean of 161.01 cm ( Table 2 ). The tallest plants were generally from Mexico and the shortest from East Africa. Plant height had a GCV of 17.7, a heritability of 89% and a mean GA of 23.3% (Table 3) .
The girth diameter ranged from 4.7 to 7.9 cm (Table 2 ) but the genetic parameters, namely the GCVs, broadsense heritability and mean GA for this trait, were moderate at 15, 68.9 and 17.4, respectively (Table 3 ). The trait, however, was significantly correlated with seed yield and was well distributed among all the regions. The number of branches per plant varied from 2.7 to 6.7, with an overall mean of 4.52 branches per plant (Table 2) . The trait showed a relatively high GCV of 22.1%, but had a low heritability of 48.5% and a moderate mean GA of 21.5%. However, this trait was significantly positively correlated with both seed yield and oil content. Leaf type varied from 3.7 to 14.9 cm (Table 2) with a GCV of 28.3% and a moderate heritability of 67.7%, but with a high GA of 32.7% (Table 3) . Both serrated and smooth leaf types were well distributed in all regions and the trait was not significantly correlated with either seed yield or oil content. The genotypes gave a wide range of variability in 50% days to flowering from as early as 104 days to as late as 121.5 days, with most late-flowering genotypes originating from Mexico and early-maturing genotypes originating from Kenya (Table 2) . This trait had a high GCV of 31.3%, but had a moderate heritability of 68.6% and a GA mean of 36.3% (Table 3 ). Days to flowering was positively significantly correlated with seed yield but not with oil content (Table 3) . Male:female flower ratio varied from 15.5 to 47.3, with an overall mean of 24.7 and a high GCV of 41.5%. The heritability for this trait was 75.2% with a GA value of 50.5%. The GA was the second highest after that of 100-seed weight (Table 3) . As would be expected, male:female ratio was significantly positively correlated with seed yield (Table 3 ). The genotypes displayed a wide range of variation for the number of fruits per plant with an overall mean of 18.56 fruits. The range in the collection varied from 12 to 72 (Table 2) with a moderate GCV, heritability and mean GA values of 78.6, 21.8 and 27%, respectively (Table 3) . As would be expected, this trait was significantly positively correlated with seed yield (Table 3) .
Seed yield among the genotypes varied from 0.12 to 0.46 kg/plant (Table 2 ) with very low GVC (0.11%), heritability (0.38%) and mean GA (0.99%) values (Table 3) , as would be expected since it is highly influenced by the environment. 100-seed weight varied from 31.4 to 66.2 gm, with genotypes from Kenya and Mexico bearing the highest weights (Table 2 ). Although seed weight had a low GCV value (34.3%), the trait was highly heritable (91.1%) and had the highest mean GA (57.9%) (Table 3) . Seed weight was significantly positively correlated with oil content. Seed moisture varied between 31.4 and 66.2% and gave low genetic parameters values, but the trait was significantly correlated with seed yield as would be expected (Table 3) . Oil content varied between 19.3 and 42.8%, with Kenyan accessions scoring high (Table 2) . Indeed one genotype, KJ3, had the highest oil content. The trait had low GCV (17.8%) and mean GA (24.2%) values, but had the highest broad-sense heritability (95.8%) (Table 3) . It was interesting to note that oil content was significantly positively highly correlated with seed yield (r = 0.692 at 1% level of significance, p < 0.01).
Genetic distance
Based on Tocher's method of dissimilarity, expressed by Mahalanobis' D 2 values, the studied genotypes were separated into four different groups as shown in Table 4 . As indicated in Tables 1 & 2 , the germplasm was collected from different regions of Kenya, East Africa, India, Madagascar and Mexico, providing a wide distribution and diversity of genotypes in different groups. The highest number of genotypes was the 20 included in cluster III, almost all originating from Kenya except KJ33, whose origin is India. This cluster had an intraclass distance of 78.32. The Mexican genotypes tended to congregate in cluster IV with an intra-class distance of 52.12. Cluster I contained nine genotypes originating from different parts of East Africa and Madagascar, with one genotype coming from Mexico, and had a intra-class distance of 56.99. Cluster II contained the least number of genotypes but the most diverse grouping with an intra-class distance of 126.24. Clusters I and II indicated that there was no association between geographical distribution of genotypes and genetic diversity amongst the material from Africa and Asia as Table 5 , the greatest distances were observed between groups II and IV, and also I and II, indicating that hybridizing genotypes from diverse parts of East Africa with genotypes from Mexico, or with genotypes from other parts of East Africa and probably from Madagascar, will produce the most desired genetic variation for further improvement.
Among the agronomic traits shown in Table 6 , most genetic divergence was contributed by leaf type (22.12%), number of branches (19.24%) and seed yield (17.56%). The traits with the lowest contribution to the genetic divergence were oil content (2.42%) and moisture content (4.12%).
The correlation coefficient between the principal canonical variables and the response variables used in this study were determined, as shown in Table 7 . Significant correlations indicate contribution of each response variable to the genetic divergence in J. curcas. As Table 7 shows, the variables that were significant for more than one canonical variable were number of branches, leaf type and number of fruits. These traits contributed most to genetic divergence whereas seed yield, seed moisture and oil content had the lowest contribution to genetic divergence. Cluster-wise means showed variation in the characters measured (Table 8) . Cluster IV had highest mean value for plant height (188.36 cm), girth (13.27 cm), plant canopy (386.21 cm 2 ), number of branches (4.64) and days to flowering (122.22). Cluster II had highest mean of male:female flower ratio (38.04), number of fruits per plant (34.68) and seed yield (0.482). Cluster I had dwarf plants of height (78 cm) and high oil content (37.5%), while cluster III recorded genotypes with poor characters. Hybridization between genotypes in group I, II and IV is highly potential and would result into faster growing, high yielding and average height varieties.
Discussion
The accessions collected here had grown under diverse conditions in terms of altitude, rainfall, temperature and soils. As reported elsewhere, J. curcas is capable of adapting to marginal as well as to high potential environments, as shown by passport data (Table 1 ) [1] [2] [3] . Estimation of components of genetic variances for seed and oil yields in such variable environments is of economic importance. In this work, seed yield was poorly inherited, as indicated by the low GCV, heritability and mean genetic values shown in Table 3 , as would be expected. Comparing seed yield and oil content, the latter appears to be less influenced by the environment and more highly heritable. The two traits were also significantly positively correlated to each other (Table 3) . On the other hand, 100-seed weight was more heritable than seed and oil yield, and was positively correlated with oil content (Table 3) , although it was not correlated to seed yield as would be expected. Both oil content and 100-seed weight would be reliable surrogate indices to select for high seed yield. Needless to say that, because the seed and oil yield data from this trial was for only 2 years, it is necessary to validate the usefulness of the genetic parameters and their relationships measured here, when the J. curcas plantation is older. In this case the study should include a wider range of accessions and should be evaluated in more than two environments.
The identification of superior genotypes based on genetic divergence is one of the most appropriate strategies to start a breeding program, especially for a hitherto unimproved plant such as J. curcas [1] [2] [3] . Generating crosses between highly divergent genotypes would yield transgressive segregation, needed for improvement of such traits as seed and oil yield. In this study, the lowest D 2 distance values were observed between groups I and IV (6.5), and II and III (8.4), indicating that intercrossing genotypes that make up these groups may not produce superior genotypes in segregating generations [11] [12] [13] [14] . The parental lines with the most diverse alleles were in cluster groups I , II and IV, and are likely to be the ones with high general combining abilities [13] . Hybridizations between clusters I, II and IV are likely to produce genetic variation necessary for improvement. Cluster I was the most diverse, with genotypes originating from Uganda, Tanzania and Madagascar. It is interesting to note that this cluster did not contain genotypes from Kenya but had one genotype from Madagascar. Among the agronomic traits, leaf type (22.12%), number of branches (19.24%) and seed yield (17.56%) contributed the most genetic divergence, but oil content contributed the lowest. Oil content was, however, a significant contributor to genetic divergence in cluster IV (Table 6) .
Number of branches, leaf type and number of fruits per plant are important selection criteria in J. curcas (Table 7) . As shown in Table 7 , although seed yield and oil content did not contribute to divergence in all clusters, they have been shown to be positively highly correlated to number of branches, number of fruits per plant and male:female flower ratio [8] . These traits, therefore, have a direct implication in the selection of high oil content and can be used as secondary selection criteria [2, 15] . The low contribution of oil content to genetic divergence points to the importance of estimating genotype-environment interactions and specific combining abilities in the potential parental groups [8] . Grouping the germplasm into clusters showed that cluster IV containing genotypes from Mexico, although having the lowest intra-class variation, scored high genetic divergence values for traits that would be indirectly important in the selection of high seed yielding J. curcas genotypes, such as number of branches and days to flowering (Table 8) . However cluster II, with the highest intra-class distance, also produced the highest mean male:female flower ratio (38.04), number of fruits per plant (34.68) and seed yield (0.482), and cluster I, with the highest mean for oil content, has probably the most interesting genotypes containing alleles needed in the improvement of seed and oil yield.
Conclusion
Based on the observations made in this study, which assessed the genetic divergence in J. curcas germplasm found in Kenya, it can be concluded that clusters IV, II and I possess genotypes that may serve as potential parents for new genetic recombinations needed to boost the seed and oil yield of J. curcas. The traits that contributed the most genetic divergence, such as the number of branches, number of fruits and leaf type, could be important secondary selection criteria for high seed and oil yield. A future J. curcas breeding program in Kenya would benefit greatly from the Mexican germplasm, However, there exists in East Africa J. curcas genotypes with tremendous genetic divergence for traits needed in raising productivity, which will ultimately contribute to increased biodiesel production in the semi-arid areas of Kenya.
Future perspective
J. curcas will likely become an important biodiesel crop in Kenya in the near future, but for the crop to be commercially viable a full assessment of its genetic potential will have to be made. This study measured the genetic diversity of the currently available genotypes using standard methods and confirmed that it is possible to generate transgressive segregants bearing diverse alleles for most of the agronomic traits including oil content, if crosses are made between the four clusters identified. The genetic divergence in the clusters studied here showed that oil content, seed weight and male:female flower ratio are traits that can easily be selected to realize large genetic gains. Leaf type, number of branches and number of fruits per plant are traits that contributed the most to genetic divergence and can be used as secondary selection criteria for high oil content. Certainly, there is a need to introduce more genotypes, especially those from India and Mexico where most J. curcas divergence has been reported, in an attempt to increase the oil content and seed yield of future cultivars. 
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Executive summary Background
The aim of this research was to estimate the extent of genetic diversity present in the Jatropha curcas L. germplasm in Kenya using phenotypic traits, in order to identify genotypes of high seed and oil yields. The low oil and seed yields of current J. curcas genotypes can be alleviated through genetic improvement. J. curcas has the potential to become an important biodiesel crop that will meet the future energy needs of Kenya Materials & methods 49 genotypes from Kenya, Tanzania, India and Mexico were sown in a lattice design of 7 × 7 (genotypes), replicated twice.
The following phenotypic traits were measured: plant height (cm), girth diameter (cm), number of branches, leaf type (cm 2 ), days to owering (50%), male:female ower ratio, number of fruits per plant, yield (kg), 100-seed weight (g), seed moisture (%) and oil content (%). Phenotypic and genotypic coe cients of variation together with broad-sense heritability were calculated. Genetic diversity was estimated using Mahalanobis' D 2 statistics, canonical variables and Tocher cluster method, and intra-and inter-cluster distances were calculated. Oil content was measured on coated seed by the soxhlet extraction method.
Results
Male:female ower ratio, 100-seed weight, 50% days to owering and leaf type gave the highest genotypic coe cients of variation in that order, respectively. Oil content, 100-seed weight, number of fruits per plant and male:female ower ratio had the highest broad-sense heritability in that order, respectively. 100-seed weight, male:female ower ratio and 50% days to owering had the highest genetic advance in that order, respectively. All the 49 genotypes were grouped into four clusters. Cluster I, II, III and IV comprised of 9, 6, 20 and 14 genotypes, respectively. The highest inter-cluster distance was observed between clusters II and IV, followed by clusters I and III.
Oil content was highest in clusters I and IV.
Discussion
Cluster I, containing nine genotypes originating in Uganda, Tanzania and Madagascar, was the most diverse, and this cluster, together with clusters II and IV, is likely to yield parental lines with interesting alleles. Hybridizations between clusters I and IV, and between clusters II and III, are likely to produce transgressive segregants for most the phenotypic traits. Cluster II had the highest D 2 mean values. Cluster I, with the highest means for oil content, has the most interesting genotypes containing alleles needed in the improvement of seed and oil yield. Leaf type (22.12%), number of branches (19.24%) and seed yield (17.56%) contributed the most genetic divergence but oil content, 100-seed weight and male:female ower ratio had the highest genetic advance and heritability values, indicating that they were the most responsive traits to selection.
Conclusion
Hybridizing genotypes from diverse parts of East Africa with genotypes from Mexico or with genotypes from other parts of East Africa and probably from Madagascar will produce the most desired genetic variation for further improvement. Most genotypes clustered according to their geographical origins; cluster II contained genotypes from Kenya, whereas cluster IV contained genotypes from Mexico. Cluster 1 with genotypes from diverse regions had the highest genetic divergence, whereas cluster IV had the least. Leaf type, number of branches and number of fruits per plant could be used as secondary selection criteria for high oil content. Oil content, 100-seed weight and male:female ower ratio are highly heritable and can easily be selected for in J. curcas.
